Recent studies have suggested that both embryonic stem cells and adult bone marrow stem cells can participate in the regeneration and repair of diseased adult organs, including the lungs (1-3). These findings suggest a possible therapeutic role for stem cells in the treatment of cystic fibrosis (CF) and other chronic lung diseases. For example, if stem cells expressing normal cystic fibrosis transmembrane conductance regulator (CFTR) can be induced to repopulate the airway epithelium, then much of the morbidity associated with CF could potentially be reduced (4) (5) (6) . However, investigations using human embryonic stem cells are currently limited by scientific, ethical, and political considerations (7, 8) . Furthermore, although adult marrow-derived stem cells have been demonstrated to engraft as airway epithelium, the extent of epithelial incorporation appears to be low (2, 9, 10) . It is therefore unclear whether adult marrow-derived stem cells will be clinically useful for the treatment of lung diseases.
We hypothesized that stem cells obtained from umbilical cord blood (CB) could be an effective alternative to both embryonic and adult marrow-derived stem cells for regeneration of injured lung tissue. Blood from umbilical cord and placenta is safely and easily obtained immediately after birth and is a rich source of fetal origin hematopoietic stem cells (HSCs) and non-HSCs, including mesenchymal stem cells (MSCs) (11) (12) (13) . Human CBHSCs have been successfully and safely used in clinical transplantation for hematologic malignancies and other hematologic diseases for many years (11) . In addition, studies using either CB mononuclear cells (MNCs) (14, 15) or plastic adherent CB stem cells (16) (17) (18) (19) (20) have demonstrated capacity to differentiate in vitro into nonhematopoeitic tissues of all germ layers (ectoderm, mesoderm, and endoderm) under specific culture conditions. It has recently been reported that a population of multilineage progenitor cells isolated from human CB can be induced to express phenotypic markers of type 2 alveolar epithelial cells in vitro (19) . However, there is no other available information as to whether other types of lung cells, notably airway epithelial cells, can be derived from human CB stem cells.
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Cord blood-derived mesenchymal stem cells may be a feasible alternative to embryonic or adult stem cells for lung remodeling. However, their use for lung epithelial remodeling has not been well studied.
What This Study Adds to the Field
Human cord blood-derived mesenchymal stem cells can be induced in vitro to express phenotypic markers of airway epithelium and can localize to airway epithelium after systemic administration to immunotolerant mice.
In the current study, we demonstrate that human umbilical cord-derived MSCs (CB-MSCs), obtained from deliveries of normal infants, can be induced in vitro to express markers of airway epithelial phenotype, including Clara cell secretory protein (CCSP) and CFTR. Furthermore, we demonstrate that CBMSCs are easily and effectively transduced with recombinant lentiviral vectors, including a CFTR-expressing vector, and thus may conceivably be used in autologous transplantation for CF lung disease if sufficient lung incorporation could be achieved. Finally, a small number of CB-MSCs appear to engraft in the airway epithelium after systemic (i.e., tail vein) administration to immunotolerant (NOD-SCID) mice.
METHODS
Additional details on all methods and results are included in the online supplement.
Animals
Adult NOD-SCID mice (Jackson Laboratories, Bar Harbor, ME) were used. All studies were subject to Institutional Animal Care and Use Committee review at the University of Vermont (UVM; Burlington, VT) and conformed to institutional and Association for Assessment and Accreditation of Laboratory Animal Care standards for humane treatment of laboratory animals.
Isolation and Characterization of CB-MSCs
Thirty-one human CB samples were obtained from term, normal deliveries at UVM. All studies were subjected to institutional review board review at UVM and informed consent was obtained from all donors. CB-MNCs were isolated by Ficoll gradient centrifugation (Fisher BioReagents, Pittsburgh, PA), resuspended in 1:1 mixture of CB basal medium (20) and human bone marrow MSC conditioned medium, plated in standard culture dishes (Corning, Pittsburgh, PA), and maintained until colonies were established. Passage 2-4 cells were assessed by flow cytometry for expression of MSC cell surface markers (21) and for differentiation into adipocytes, osteoblasts, and chondroblasts (22) (23) (24) .
Induction of Lung Epithelial Phenotypic Differentiation
Passage 2-4 CB-MSCs were cultured in CB basal medium, mouse tracheal epithelial cell (MTEC) medium (25) , small airway growth medium (SAGM) (26) , 50 ng/ml keratinocyte growth factor (KGF) (Sigma, St. Louis, MO), or 10 mg/ml retinoic acid (RA) (Sigma) for 1, 2, or 4 weeks.
Total RNA was extracted from CB-MSCs using TRIzol and purified using an RNeasy kit (Qiagen, Valencia, CA). First-strand cDNA was synthesized with random primers and Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). Glyceraldehyde phosphate dehydrogenase (GADPH), CCSP, CFTR, aquaporin (AQP)-5, thyroid transcription factor (TTF)-1, surfactant protein C (SPC), a-smooth muscle actin, and collagen, type I, a1 (Col1A1) were amplified by polymerase chain reaction (PCR) (40 cycles). Quantitative PCR was performed on cDNA with Assays on Demand predesigned CCSP, CFTR, and hypoxanthineguanine phosphoribyl transferase (HPRT) primer/probe sets (Applied Biosystems, Foster City, CA), using TaqMan Universal PCR Master Mix and Applied Biosystems 7900HT Sequence Detection System.
In parallel, cells were fixed with 4% paraformaldehyde (PFA) (5 min, room temperature), stained with goat anti-rat CCSP (courtesy of Barry Stripp, Ph.D., University of Pittsburgh), mouse anti-human CFTR (Chemicon, Billerica, MA), and appropriate secondary antibodies (Invitrogen), and analyzed with Zeiss confocal microscopy (Zeiss, Thornwood, NY). 
Transduction of CB-MSCs

Engraftment of CB-MSCs in NOD-SCID Mouse Lung
Six hours after sublethal irradiation (1.4 Gy, RS 2000 Biological Irradiator; Rad Source Technologies, Boca Raton, FL), each experimental mouse received 2 3 10 6 CB-MSCs in 200 ml phosphate-buffered saline (PBS) intravenously. Control animals received equal volume of PBS. Mice were subsequently killed and lungs assessed at 1 day, 2 weeks, and 1 or 3 months after transplantation.
Genomic DNA was extracted from each lung (15 mg) using a DNA extraction kit (Stratagene, La Jolla, CA). A total of 300 ng of DNA was amplified for human Alu sequences (27) . Standard curves were generated using serial dilution of CB-MSC genomic DNA into control mouse lung genomic DNA (27) .
Immunofluorescent staining was performed on nonadjacent 5-mm paraffin-embedded lung sections using rabbit anti-human b2-microglobulin (Dako, Carpinteria, CA) and mouse anti-human pancytokeratin (CK) (Sigma) or mouse anti-human CFTR and appropriate secondary antibodies (Invitrogen). Five random fields (340) from each of eight sections per animal were analyzed with Zeiss confocal microscopy.
Statistical Analyses
Cell counts on histologic sections were compared using Student t test (28) . 
RESULTS
Culture of CB-MSCs
We were able to isolate and expand plastic adherent MNCs (CBMNCs) from 12 of 31 human CB samples. The other 19 samples were complicated by either bacterial contamination or failure to grow in culture after 4 weeks. After several days in culture, the cells had a fibroblast-like morphology similar to adult bone marrow-derived MSCs (Figure 1 ). CB-MNCs from four separate CB isolations were assessed by flow cytometry and all expressed CD73, CD90, and CD105 but not CD34, CD45, or HLA antigens, and were identified as MSCs according to the most recent criteria from the Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy (ISCT) (21) ( Figure  2 ). In parallel, CB-MNCs from three of these samples also appropriately differentiated into chondroblasts, osteoblasts, and adipocytes as per 2006 ISCT criteria (21) (Figure 3 ). Given the consistency with different samples, each CB sample successfully cultured and expanded was believed to represent CB-MSCs.
CB-MSCs Acquire Lung Epithelial Markers In Vitro under Specific Culture Conditions
To determine if phenotypic markers of airway or alveolar cells could be induced in vitro, passage 2-4 CB-MSCs from 8 of the 12 successful CB-MSC cultures were cultured for 1, 2, or 4 weeks in media known to promote growth and differentiation of airway or alveolar epithelial cells (MTEC medium or SAGM) (25, 29) or in CB basal medium supplemented with growth factors known to promote development of lung epithelium (KGF or RA) (30, 31) . Representative results from one of the eight CB-MSC samples is depicted in Figures 4 and 5 . In comparison to CB-MSCs cultured in CB basal medium, cells grown in MTEC medium acquired CCSP mRNA expression by 1 week and maintained this up to 4 weeks ( Figure 4A ). Furthermore, after 2 weeks in MTEC medium, these cells also expressed SPC and TTF-1 mRNA. Cells cultured in SAGM demonstrated both CCSP and CFTR mRNA expression after 2 weeks' culture. These cells also expressed TTF-1 mRNA for 2 weeks in SAGM but TTF-1 expression was lost at 4 weeks. Neither KGF nor RA induced expression of specific differentiated airway or alveolar epithelial markers after up to 4 weeks in culture. However, cells cultured in KGF expressed TTF-1 mRNA throughout the study period and cells cultured in RA expressed TTF-1 mRNA at 1 week but not at subsequent time points. AQP-5 mRNA was not expressed under any culture condition. Quantitative PCR confirmed expression of CCSP and CFTR after culture in either MTEC medium or SAGM in five of the eight CB-MSC samples ( Figure 4B ). To further characterize these cells, we performed reverse transcriptase-PCR for a-smooth muscle actin and Col1A1 mRNA. These genes were chosen to evaluate for possibility of fibroblast or myofibroblast differentiation. We found that CB-MSCs also expressed a-smooth muscle actin and Col1A1 under several culture conditions ( Figure 4C ). Immunofluorescent staining confirmed protein expression of CCSP and both CCSP and CFTR in cells cultured in MTEC medium or in SAGM, respectively, for 2 weeks ( Figure 5 ). (Positive and negative immunohistochemistry controls are shown in Figure E1 of the online supplement.)
CB-MSCs Can Be Transduced to Express CFTR Using Recombinant Lentiviral Vectors
We hypothesized that CB-MSCs may be useful to correct gene defects such as absent or defective CFTR in CF airway epithelium. To determine if CB-MSCs could be induced to express CFTR, for example for use in autologous transplantation in patients with CF, CB-MSCs (passage 2-4) were transduced in vitro with recombinant lentiviral vectors encoding with either YFP or CFTR. We initially used lentivirus YFP to identify an appropriate MOI for CB-MSCs. At 48 hours after transduction with recombinant lentiviral vectors, approximately 90% of CB-MSCs expressed YFP at an optimal MOI of 80. Lentivirus CFTR was subsequently used at an approximate appropriate MOI of 100 and successfully transduced more than 90% of CB-MSCs as demonstrated by immunofluorescent staining for CFTR protein ( Figure 6 ).
Systemic Administration of Human CB-MSCs to NOD-SCID Mice Results in Localization of Human Cells to Airway Epithelium and Expression of Cytokeratin
CB-MSCs were administered intravenously to NOD-SCID mice (1 3 10 6 cells/mouse by tail vein injection) after low-dose irradiation (1.4 Gy). Abundant human genomic DNA (human Alu sequences) was detected in lung homogenates at the 1-day time point (Figures 7A and B) . However, at subsequent time points, 2 weeks, and 1 and 3 months, only low levels of human Alu sequences DNA were detected with an index between 1 and 2 ( Figure 7B ).
In parallel, cells of human origin were identified in recipient NOD-SCID mouse lungs by immunofluorescent staining for human b2-microglobulin. Human origin cells were predominantly found in the parenchyma (Figure 8 ), but a small number were detected in the airway epithelium ( Figure 9 , with enlarged versions of individual panels in Figure E2 ). We found that up to 3.36% of the total airway epithelial cells counted 1 day after CB-MSC administration were b2-microglobulin positive. This number was reduced to 0.72%, 0.86%, and 0.5% at subsequent time points (Table 1) . After costaining for cytokeratin using a mouse anti-human/mouse pancytokeratin (CK) antibody directed against CK 1, 4-6, 8, 10, 13, 18, and 19, we found approximately 4.07% of the total b2-microglobulin-positive cells also stained positive for cytokeratin in lungs of mice assessed 1 day after MSC administration (Table 1 and Figure 10 ). This increased to a maximum average of 32.89% at 2 weeks but fell to 14.13% at 3 months. In parallel, 0.32% of total CK 1 cells were also b2-microglobulin positive at 1 day. This also increased to a maximum at 2 weeks (1.51%) before decreasing by 3 months (0.92%). Most of the dual-labeled cells were located in alveolar regions. However, based on anatomic location and morphology, up to 0.25% of CK 1 airway epithelial cells were dual labeled (b2 1 CK 1 ). Again, the maximum number of dual-labeled cells was observed at 2 weeks (Table 2 and Figure 10 ). Importantly, cultured CB-MSCs did not stain positively for cytokeratin ( Figure  E3 ). Positive and negative immunohistochemistry controls are shown in Figure E1 .
To further confirm human cells engrafted as mouse airway epithelial cells, we used human-specific anti-CFTR antibody costaining with the anti-human b2-microglobulin antibody. We were able to demonstrate rare positive dual-stained cells (b2 1 CFTR 1 ) (Figure 11 ). Positive and negative immunohistochemistry controls are shown in Figure E1 .
DISCUSSION
We have demonstrated that human CB-MSCs are easily isolated from normal human CB samples and that these cells can be induced in vitro to express markers of airway epithelial phenotype, including CCSP and CFTR. Furthermore, systemically administrated CB-MSCs can localize to the airway and alveolar epithelium of immunotolerant (NOD-SCID) mice and acquire cytokeratin expression in both airway and alveolar regions and human CFTR expression in those cells that appear to have engrafted as airway epithelium.
Umbilical CB is safely and easily obtained immediately after birth and is a rich source of fetal origin HSCs and non-HSCs (11-13). Human CB HSCs have been used in clinical transplantation for hematologic malignancies for many years (11, 32) . Non-HSCs derived from CB, including CB-MSCs, appear to have the capacity to develop into nonhematopoeitic cell types, and in vitro studies have demonstrated differentiation of both CB-MSCs and CB-HSCs into nonhematopoietic tissues of all germ layers under specific culture conditions (15) (16) (17) (18) (19) 33) . In vivo, both CB-MSCs and CB-HSCs have been investigated for treatment of neurologic, liver, and cardiac diseases (14, 15, 17, 34, 35) . Although the mechanisms by which CB-MSCs are induced to migrate to specific tissues and acquire phenotypic and functional characteristics of those tissues are unknown, the studies to date demonstrate not only the multipotent differentiation potential of CB-MSCs but also the possibility for therapeutic use of CB-MSCs.
Few studies to date have evaluated differentiation of CBMSCs into lung epithelial or interstitial cells either in vitro or in vivo. In lung samples obtained from three female recipients of sex-mismatched CB-HSC transplantation, up to 8% chimerism of lung epithelium and 34% chimerism of lung vascular endothelium with donor-derived cells were observed (36) . No obvious pulmonary chimerism was observed in a parallel patient who received adult bone marrow-derived HSCs. Although this study has come under question with respect to the methods used to demonstrate chimerism (2, 9), a more recent study has demonstrated a population of multilineage progenitor cells isolated from normal human CB that can be induced in vitro to express SPC and also develop lamellar bodies, characteristic of type 2 alveolar epithelial cells (19) . However, it is unclear whether airway epithelial cells could also be similarly derived in vitro or what would happen if the cells were administered in vivo. It has also been reported in abstract form that human CB-MSCs can abrogate hyperoxiainduced lung damage when administered to neonatal rats (37) .
However, these findings have not yet been reported in peerreviewed form, and the fate of these cells after systemic administration of CB-MSCs in vivo is unknown. Figure E2 ). Representative photomicrographs from one of four mice per experimental condition.
In our current study, we found that standard approaches for obtaining and culturing plastic-adherent MNCs resulted in homogenous populations of cells that exhibited appropriate MSC cell surface markers and differentiated along appropriate lineages (21) . However, despite ready availability of CB samples, CBMSCs could not be reliably isolated from all term CB samples, as only 38% of all samples obtained yielded CB-MSCs. This yield was comparable to that reported for obtaining multilineage progenitor cells (19) . We used only CB samples obtained from term normal deliveries in which the mother was healthy and prenatal testing was negative for infectious diseases such as HIV or hepatitis B or C. We did not otherwise evaluate any other maternal factors that might conceivably affect MSC yield from the CB samples. For example, gestational age when CB samples are obtained plays an important role in the yield of CD34 1 stem cell isolation, but factors affecting MSC yields are less well understood (38) .
Different culture conditions significantly affected expression of lung epithelial phenotypic markers. In comparison to CBMSCs maintained in CB basal medium, CB-MSCs cultured in vitro in MTEC medium expressed CCSP, pro-SPC, and TTF-1, but not any other airway or alveolar epithelial markers assessed, including AQP-5. Surprisingly, neither KGF nor RA induced expression of differentiated lung epithelium-specific markers. However, both KGF and RA induced an expression of TTF-1 mRNA. Furthermore, culture of CB-MSCs in SAGM resulted in mRNA and protein expression of CCSP, CFTR, and TTF-1, but not pro-SPC or AQP-5. This contrasts with recent findings using human CB origin multilineage progenitor cells in which culture in SAGM resulted in SPC mRNA expression (19) . The multilineage progenitor cells described in that study were in many ways similar to the MSCs used in our current study, including fibroblastic morphology, expression of CD73, CD90, and CD105, but no expression of CD34 and CD45, and appropriate differentiation capacity along mesenchymal lineages. Differences in the initial isolation and handling of these cells might play an important role in subsequent responses to specific culture conditions. Further characterization and comparisons between the two cell populations are needed.
We also found that CB-MSCs could be induced to express a-smooth muscle actin and col1A1 mRNA. We had assessed these to determine the specificity of CB-MSC differentiation and were surprised to find that the different culture conditions used, including the basal CB media, induced expression of both. This may reflect either some degree of fibroblast or myfibroblast contamination in the CB-MSC preparations or that the CBMSCs differentiated in vitro to mixed populations of cells under the conditions investigated. It is also possible that a nonspecific increase in expression of multiple genes in culture may have Definition of abbreviations: b2 5 b2-microglobulin; CK 5 pancytokeratin; NOD-SCID 5 nonobese diabetic/severe combined immunodeficiency mice.
Pancytokeratin-positive cells (no. 5 4,472-5,919) were examined for dual staining with human b2-microglobulin and pancytokeratin (b2 1 CK 1 ) in five random high-power field (340) on eight nonadjacent 5-mm sections for each lung (n 5 3 for each experimental condition at each time point). b2 1 (% total cells) 5 percentage of b21 cells to total cells counted. b2 1 CK 1 (% total b2 1 ) 5 percentage of cells dual stained for b2-microglobulin and pancytokeratin to total b2 1 cells. b2 1 CK 1 (% total CK 1 ) 5 percentage of cells dual stained for b2-microglobulin and pancytokeratin to total CK 1 cells. For definition of abbreviations, see Table 1 . b2-Microglobulin and pancytokeratin airway epithelial cells, as determined by morphology and anatomic location, were counted in five random high-power field (340) on eight nonadjacent 5-mm sections for each lung (n 5 3 for each experimental condition at each time point).
occurred and that the cells did not fully differentiate into airway or alveolar epithelial cells. We are further attempting to clarify these results.
Systemic administration of CB-MSCs to immunotolerant (NOD-SCID) mice resulted in only a small number of human cells remaining in the lung for longer than 1 day after administration. Presumably, as with administration of other cell types, including adult bone marrow MSCs, most of the cells only temporarily lodged in the capillary beds of the pulmonary vasculature before either being cleared or transiting on to other sites (39, 40) . Interestingly, we found approximately 4.07% of the b2-microglobulin-positive cells stained positively for cytokeratin at 1 day and increased to a maximum of 33% at 2 weeks (Table 1) . Because the CB-MSCs initially administered did not express CK, this suggests that even brief residence in the microenvironment of the lung plays an important role in acquisition of CK expression. Furthermore, most of the dual-labeled (b2 1 CK 1 ) cells were located in alveolar regions with only up to 0.25% of CK 1 airway epithelial cells also staining positive for b2-microglobulin ( Figure  8 and Table 2 ). To further clarify that human cells can engrafted as mouse airway epithelial cells, we used a human-specific anti-CFTR antibody costaining with b2-microglobulin. We were able to find rare cells that dual-stained for b2-microglobulin and CFTR. This further supports our hypothesis that human CBMSCs can engraft as mouse airway epithelial cells. The rare events were found in our low-dose irradiation NOD-SCID mouse model; the engraftment might increase with a more pronounce injury models as was demonstrated in previous study that the rate of engraftment increase with amount of irradiation (41) .
The apparent rate of engraftment of CB-MSCs is similar to the low levels of engraftment we and others have observed with systemically administered adult mouse marrow-derived MSCs (2, 5, 9, 42) . There are, however, a number of variables that might have affected engraftment in these studies. One important variable is rigorous understanding of what cells were actually used.
Nomenclatures concerning MSCs are currently controversial. Cells obtained from human CB were divided in HSCs and nonHSCs. Several terms were used in reference to ''nonhematopoietic'' stem cells from human CB, including mesenchymal stem cells or multipotent progenitor/mesenchymal stem cells. Therefore, further characterization beyond surface markers and differentiation potential of each cell, both from bone marrow and cord blood, will need to be done.
Furthermore, we used a low level of nonmyeloablative radiation to cause mild lung injury and increase recruitment of the CBMSCs to lung. However, the dose may have been too low, because higher doses of irradiation have been described as necessary for lung epithelial engraftment by adult marrow-derived stem cells (41) . We had initially attempted to use naphthalene to induce lung injury, as we have done in previous studies (5) . However, the NOD-SCID mouse strain proved particularly susceptible to systemic toxic effects of the naphthalene. Other injury models may result in more extensive engraftment or physiologic effect as has been suggested with use of hyperoxia in neonatal rats (37) . Furthermore, the NOD-SCID mice retain natural killer T cells, which may have played a role in clearing the human CB-MSCs (43) . Studies in other immunotolerant mouse strains (i.e., NOD-SCID-g c null) (44) without any residual innate or adaptive immunity may demonstrate enhanced engraftment.
Nonetheless, our current study supports the hypothesis that human CB-MSCs can acquire airway epithelial cell phenotype in vitro under specific culture conditions. Further elucidation of specific factors and growth conditions-for example, culture at air-liquid interface as has been described for development of airway epithelium from mouse embryonic stem cells (45)-will allow more robust methods of deriving airway epithelial cells from the CB-MSCs. Furthermore, the easy ability to transduce the CB-MSCs suggests a role for ex vivo manipulation of the cells to correct genetic defects such as defective CFTR. Although we observed only rare airway epithelial cells that appeared to be derived from human CB-MSCs in this model, other lung injury models may demonstrate more robust engraftment. Future studies will include understanding the cell populations, mechanisms of recruitment and phenotypic conversion, and function of these cells in order for this approach to be clinically feasible.
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